introduction
Monitoring of cadmium in environmental water and effluent from industrial facilities is significant from the viewpoints of preservation of water environment and protection of human health because of the toxicity of cadmium. For determination of cadmium in water samples, inductively coupled plasma atomic emission spectrometry (ICP-AES) is widely utilized; however, the cost required for the measurements is relatively high due to the consumption of high-purity gas and electricity. Recently, microplasma has attracted attention for use as an emission source in atomic emission spectrometry (AES). [1] [2] [3] [4] [5] [6] [7] [8] [9] A liquid electrode plasma (LEP), which is generated by applying a voltage pulse in an aqueous sample solution injected in a small cuvette, allows one to excite the elements, and the emission spectra derived from the elements in the sample solution are observed in the plasma. [5] [6] [7] [8] [9] An elemental analyzer based on LEP-AES is commercially available; 8, 9 it is small enough to be portable. Since neither high-purity gas nor a large amount of electricity is required for LEP-AES, the cost for the measurement is much lower than those in ICP-AES. Another feature is that the volume of sample solution required for the measurement is less than 0.1 mL. [7] [8] [9] LEP-AES has been applied to determine sodium and lithium in zirconium dioxide 7 and lead in soil. 9 In LEP-AES, however, the emission intensity is significantly influenced by the matrices in sample solution; this often affects the accuracy and precision in the determination. Additionally, the sensitivity is insufficient compared with ICP-AES, though the sensitivity for cadmium as well as lead in LEP-AES is higher than those for the other harmful elements such as arsenic, chromium, mercury, and selenium. To overcome these disadvantages, applying a separation/preconcentration technique is one of the practical ways. Among various techniques reported so far, solid phase extraction is conveniently utilized for separation/preconcentration of trace elements in various samples. [10] [11] [12] [13] In LEP-AES determination, only the solid phase extraction using Meta SEP AnaLig PB-01 was applied to the separation/preconcentration of lead in the soil-extracted solution. 9 We previously reported that a chelate resin immobilizing carboxymethylated pentaethylenehexamine (CM-PEHA resin) is excellent for separation/preconcentration of trace elements in water samples. 14 In the solid phase extraction using CM-PEHA resin, many elements including vanadium, manganese, iron, cobalt, nickel, copper, zinc, molybdenum, cadmium, and lead were efficiently extracted over a wide pH range, whereas alkaline elements such as sodium and potassium were not extracted and magnesium and calcium were scarcely recovered at pH below 7. The solid phase extraction using CM-PEHA resin would be effective to improve sensitivity, accuracy, and precision in LEP-AES; however, tuning the solid phase extraction for LEP-AES, especially the enhancement of the preconcentration factor, is needed. † To whom correspondence should be addressed. Solid phase extraction using a mini cartridge packed with 22 mg of chelate resin immobilizing carboxymethylated pentaethylenehexamine was successfully utilized for separation/preconcentration of cadmium in water samples prior to liquid electrode plasma atomic emission spectrometric (LEP-AES) determination. The combined method with the extraction and LEP-AES was applicable to the determination of cadmium in the certified reference materials (EU-L-1 wastewater and ES-L-1 groundwater); the detection limit was 0.20 µg in 200 mL of sample solution (500-fold preconcentration). 
Notes
In this work, we investigated the optimization of the solid phase extraction using CM-PEHA resin for LEP-AES determination of cadmium. To improve the preconcentration factor by minimizing the volume of the final solution after the extraction, we used a mini cartridge packed with a small amount of CM-PEHA resin for the solid phase extraction. We here report the potential of the mini cartridge for the solid phase extraction of cadmium in water samples. The usefulness of the combined method with the solid phase extraction and LEP-AES was also demonstrated through the determination of cadmium in some certified reference materials.
experimental

Apparatus
A Micro Emission (Ishikawa, Japan) MH-5000 (prototype model) ultra compact elemental analyzer (LEP-AES) equipped with a LepiCuve-02 cuvette was used for measuring cadmium. The operating conditions are as follows: analytical wavelength, 228.8 nm; injection volume, 40 µL; applied voltage, 800 V; pulse duration, 3 ms; pulse interval, 5 ms; pulses per exposure, 10 times; exposures per measurement, 10 times. For the optimization of the solid phase extraction, cadmium and the other elements such as alkaline elements and magnesium and calcium were also determined using a PerkinElmer (Waltham, MA) Optima 3000DV inductively coupled plasma atomic emission spectrometer and a Hitachi (Tokyo, Japan) 180-80 polarized Zeeman atomic absorption spectrometer (flame type). The pH measurement was carried out using a Horiba (Kyoto, Japan) F-22 pH meter. An EYELA (Tokyo, Japan) SMP-23 peristaltic pump and a GL Sciences (Tokyo, Japan) vacuum manifold were used for the solid phase extraction.
Reagents and chemicals
Purified water obtained with a Millipore Simplicity UV (Billerica, MA) was used for all experiments. A cadmium standard solution (1000 mg L -1 ) was purchased from Kanto Chemical (Tokyo, Japan). The other reagents were of guaranteed reagent or analytical reagent grade.
For the solid phase extraction, the CM-PEHA resin prepared previously 14 was used; pentaethylenehexamine (PEHA) was immobilized on the methacrylate resin, which was prepared by the suspension copolymerization of glycidylmethacrylate and ethyleneglycoldimethacrylate; the PEHA on the resin was then carboxymethylated using sodium chloroacetate. The median diameter based on the volume % size distribution was 70.9 µm and the distribution, D75/D25, was 1.33. 14 The CM-PEHA resin (22 mg) was packed in a Type Mini empty cartridge (volume of 0.1 mL, polypropylene, Tomoe Works Co., Ltd., Hyogo, Japan) as shown in Fig. 1 .
Procedure
For the adsorption, 60 mL of a reservoir for solid phase extraction and a tube equipped with a peristaltic pump were directly connected with the top and the end of the mini cartridge, respectively. CM-PEHA resin in the mini cartridge was conditioned by passing 5 mL of methanol, 10 mL of 3 mol L -1 nitric acid, 20 mL of purified water, and 10 mL of 0.1 mol L -1 ammonium acetate solution, in that order. To 40 -200 mL of sample solution, 2 -10 mL of 0.1 mol L -1 ammonium acetate solution was added, and the pH of the sample solution was then adjusted to 5.0 with aqueous ammonia using a pH meter. The sample solution was passed through the mini cartridge at a flow rate of approximately 3 mL min -1 ; cadmium in the sample solution was adsorbed on the CM-PEHA resin. After washing with 20 mL of purified water, the mini cartridge was set on a vacuum manifold; 6 mL of a reservoir was connected with the top of the mini cartridge. The adsorbed cadmium was eluted by passing 0.4 mL of 0.1 mol L -1 nitric acid. The cadmium in the final solution was determined using LEP-AES. The resin was used repeatedly after washing with 10 mL of 3 mol L -1 nitric acid and 20 mL of purified water. A blank test was also carried out using the same volume of purified water as a sample solution.
results and discussion
Optimum conditions for solid phase extraction
The conditions for the solid phase extraction of various elements have been reported using a reservoir packed with 0.25 g of CM-PEHA resin.
14 However, a decrease of the amount of CM-PEHA resin used to diminish the volume of the final solution would affect the extraction conditions. The detailed conditions were therefore examined using the mini cartridge packed with 22 mg of CM-PEHA resin. In this investigation, cadmium and the other elements were determined using ICP-AES and atomic absorption spectrometry after the appropriate dilution.
Ten micrograms of cadmium were quantitatively adsorbed on 22 mg of CM-PEHA resin in the pH range of 4.5 -7 (Fig. 2) . The recoveries of cadmium at pH below 4.5 and above 7 decreased in comparison with those reported previously; 14 this would be due to a decrease of the amount of CM-PEHA resin used. The adsorption of cadmium did not affect results at flow rates of up to 7 mL min -1 ; however, the adsorption percentage decreased with increasing the flow rate above 7 mL min -1 . From these results, the pH and the flow rate were adjusted to 5.0 and 3 mL min -1 , respectively. When 40 -400 mL of the solution containing 10 µg of cadmium was passed through the mini cartridge under such conditions, the adsorption of cadmium was quantitative; the recoveries were 100 -104%. Additionally, 100 -105% of recoveries were obtained using 100 -400 mL of the solution containing 100 µg L -1 of cadmium. The adsorbed cadmium was easily eluted by passing 0.1 mol L -1 nitric acid as an eluent through the mini cartridge. The elution percentages increased with increasing the volume of the eluent; cadmium was quantitatively eluted using more than 0.3 mL of the eluent. In this work, 0.4 mL of 0.1 mol L -1 nitric Fig. 1 Mini cartridge used for this work.
acid was used for the elution; 100-and 1000-fold preconcentration could be achieved when using 40 and 400 mL of sample solution, respectively; such high preconcentration factors would lead to the appreciable improvement of the sensitivity in LEP-AES. Table 1 summarizes the results for the investigation of the effect of diverse ions. The cadmium was extracted from 100 mL of the solution containing 10 µg of cadmium and large amounts of sodium, potassium, magnesium, calcium, or sulfate. The recoveries of cadmium ranged from 93 -99%, and the relative standard deviations (n = 6) were less than 5%. Furthermore, sodium, potassium, magnesium, and calcium were scarcely recovered; the potential of the effective removal of the major ions is desirable for LEP-AES because the matrices in sample solution affect the emission intensity in LEP-AES significantly.
Characteristics of combined method with solid phase extraction and LEP-AES
The calibration curve, which was defined as the relationship between the emission intensity and the amount of cadmium in the solution, was prepared using 40 mL of purified water spiked with cadmium. A straight line was obtained up to 40 µg of cadmium; the correlation coefficient (R 2 ) was 0.978. The detection limit (3 times the standard deviation of the procedural blanks, n = 10) was 0.20 µg for 200 mL of purified water, corresponding to 1.0 µg L -1 . The detection limit for 40 mL was equal to that for 200 mL. The blank values for the blank tests using 40 -200 mL of a blank solution were less than the detection limit. In the method proposed here, 40 mL of purified water spiked with cadmium and 40 -200 mL of sample solution were used for the preparation of the calibration curve and the determination of cadmium, respectively.
The recovery tests were carried out using well water and 5% (w/v) of commercially available table-salt solution, in which 10 µg of cadmium was spiked to each sample solution. Without the solid phase extraction, the cadmium spiked to 0.4 mL of the sample solution was recovered at 81 ± 17% (mean ± standard deviation, n = 3) for well water and 24 ± 24% for the table-salt solution. However, the recoveries were considerably improved by applying the solid phase extraction; 92 ± 8 and 91 ± 15% of cadmium could be recovered from 100 mL of well water and the table-salt solution, respectively. The relative standard deviations with the extraction were much smaller than those without the extraction.
These results indicate that the interference from the major ions was effectively removed using the solid phase extraction.
Determination of cadmium in the certified reference materials
The cadmium in the certified reference materials, EnviroMAT TM wastewater (EU-L-1, SCP Science, Baie D′Urfé, QC, Canada) and ground water (ES-L-1, SCP Science), was determined using the combined method with the solid phase extraction and LEP-AES. As shown in Table 2 , the obtained values were in good agreement with the certified values, whereas cadmium was not detected from these certified reference materials by LEP-AES without the solid phase extraction.
conclusion
The solid phase extraction using the mini cartridge packed with CM-PEHA resin was useful for LEP-AES determination of cadmium. The sensitivity, accuracy, and precision in LEP-AES were significantly improved by combination with a simple separation/preconcentration method based on the solid phase extraction. The combined method with the solid phase extraction using the mini cartridge packed with CM-PEHA resin and LEP-AES will be applicable to the determination of cadmium in wastewater, effluent, and environmental water samples. Furthermore, the LEP-AES-based elemental analyzer used in this work is a portable system. The method combined with the solid phase extraction and LEP-AES would be helpful for field studies.
references Fig. 2 Effect of pH on the adsorption of Cd. A solution was prepared by adding 10 µg of cadmium and 5 mL of ammonium acetate solution to 100 mL of purified water and then adjusting the solution pH using nitric acid or aqueous ammonia. This solution was passed through the cartridge at flow rate of ca. 3 mL min -1 . Sample volume, 100 mL; Cd, 10 µg. a. Mean ± standard deviation (n = 6). a. Mean ± standard deviation (n = 3).
